Abstract Cultivated rice (Oryza sativa L.) is derived from Asian wild rice (Oryza rufipogon Griff). Vietnamese local varieties and wild natural populations in Vietnam and Myanmar were examined to evaluate the levels of genetic variation in cultivated and wild rice. In total, 222 Vietnamese local varieties were analyzed with ten microsatellite markers. Using marker genotype and gene diversity data, the local varieties were differentiated based on geographical distribution, cropping season, and human preference. A total of 976 wild plants were collected at six natural sites of wild populations (three each in Myanmar and Vietnam), and the degrees of variation among populations were analyzed with five microsatellite markers. Phylogenetic analyses revealed wide genetic differentiation among wild populations. The diversity values detected in a single wild population in Vietnam were higher than those in whole Vietnamese local varieties. These results indicate that wild rice has much greater genetic variation than cultivated rice.
Introduction
Most crop species were originally derived from wild species. In the early days of domestication, primitive farmers may have unconsciously chosen desirable plants based on several simple traits related to shattering habit, seed dormancy, and seed size. However, the domestication and selection process led to a rapid reduction in the genetic diversity of crop species (Tanksley and McCouch 1997) . Wild species maintain many genes that have been lost during domestication. Among them, trait-improving quantitative trait loci from wild relatives have been identified in various crops (Xiao et al. 1996 (Xiao et al. , 1998 Tanksley et al. 1996) . Such studies suggest that wild species still maintain many beneficial alleles for future plant breeding.
Oryza rufipogon is the ancestral wild species of cultivated rice, Oryza sativa (Oka 1988) . They share the same AA genome and show high levels of cross compatibility. Therefore, O. rufipogon may be the most important wild genetic resource for rice breeding programs, because its useful genes can be easily transferred by crossing. Although cultivated rice has less genetic variation than wild rice, local varieties have maintained many useful traits. Local varieties are cultivated forms developed by adaptation to the natural and cultural environment in each area and are more genetically diverse than modern breeding varieties.
Molecular markers have become powerful tools for investigating genetic diversity among crop species. In particular, microsatellite or simple sequence repeat (SSR) markers are useful for revealing intra-and inter-specific variation because they are codominant with high levels of allelic diversity . Microsatellites are tandemly arranged repeats of short DNA motifs (1-4 bp in length) that frequently exhibit variation in the number of repeats at a locus (Temnykh et al. 2001) . Therefore, we used microsatellite markers to evaluate genetic variation in rice.
First, we analyzed 222 local varieties originated from various areas in Vietnam. They were collected more than 50 years ago by the late Prof. Hamada, Hyogo University of Agriculture, Japan, during a scientific expedition to Indo-China. They are suitable materials for analyzing genetic variation among local varieties before introducing modern breeding methodologies. As for wild species of O. rufipogon, many studies have been conducted to reveal the genetic differentiation among Asian accessions (Ishii et al. 2001; Sun et al. 2002; Cai et al. 2004) . They usually used seed/plant materials derived from wild rice accessions maintained in germplasm institutes or seed banks, but these accessions do not represent the features of natural wild rice. Wild natural populations in southern China were investigated by several research groups (Song et al. 2003; Zhou et al. 2003; Gao 2004) ; however, those in the major distribution area of O. rufipogon have never been analyzed in detail. In this study, a large-scale survey on wild rice was carried out using 976 individuals from six natural populations in Myanmar and Vietnam, and genetic variation among wild rice populations was evaluated. In addition, the degree of genetic variation in wild rice was compared with that in local varieties.
Materials and methods

Local varieties
In total, 222 Vietnamese local rice varieties were used (Table 1) . They were collected by the late Prof. Hamada, Hyogo University of Agriculture, in 1957 and 1958 . Their origins and ecological characteristics were described in a research report titled "Rice in Mekong Valleys" by Hamada (1965) . At the time of collection, Vietnam comprised North and South Vietnam. According to the report, North Vietnam local varieties were classified into two groups, "Fifth month rice" and "Tenth month rice". The former was grown during the dry season, whereas the latter during rainy season. South Vietnam local varieties were divided into several groups based on the growing period during the rainy season and seed characters ("Early rice", "Half season rice", "Season rice", "Late rice", and "Glutinous rice"). Hamada (1965) classified "Glutinous rice" as South Vietnam varieties; however, half of them came from North Vietnam according to the collection sites. Therefore, in this study, "Glutinous rice" was further divided into two groups, "Glutinous rice N" and "Glutinous rice S" for North and South Vietnam, respectively.
DNA extraction
Total DNA of the local variety was extracted from seed specimen. For each variety, the embryo segment was removed from a single seed and ground in 100 μl of extracting solution containing 20 mM Tris-HCl (pH 8.0), 5 mM EDTA, 400 mM NaCl, 0.3% SDS, and 200 μg/ml proteinase K. The supernatant was used directly as the template for PCR. Table 2 ). The collected leaf samples were crushed with a wooden hammer, and the leaf extract was fixed on an FTA card (GE Healthcare). Samples were brought back to the laboratory, and small discs that were punched out from the FTA cards were used directly as PCR templates.
Polymorphism detection using SSR markers
Ten SSR markers (RM2, RM29, RM31, RM60, RM201, RM208, RM225, RM232, RM237, and RM241) were used. a Classified by Hamada (1965) Of these, RM29 and RM208 are located on chromosome 2, and RM60 and RM232 on chromosomes 3. However, they are not linked because their map distances are much more than 50 cM . Five SSR markers (RM31, RM60, RM201, RM208, and RM237) were used for the wild rice survey. PCR was performed in a 10-15 μl mixture containing 1 μM of each primer, a half volume of 2× Ampdirect plus buffer (Shimadzu, Japan), 1 μl of template DNA (or a small disc punched out from the FTA card), and 0.5 U of NovaTaq (Shimadzu, Japan). Amplification was performed with an MP Thermal Cycler (TaKaRa Bio, Japan) as follows: 94°C for 5 min, followed by 35 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 2 min, and ending with 5 min at 72°C for the final extension. The amplified products were electrophoresed on 4% polyacrylamide gels, and the banding pattern was visualized using a non-radioactive silver staining method, as described by Panaud et al. (1996) . Evaluation of genetic variation within local variety groups and wild populations Genetic variation within local variety groups was studied based on the dissimilarity of SSR electromorph allele sizes. The ratio of common fragments was calculated as a similarity index according to the following formula:
where A ij and B ij are the number of total and common fragments, respectively, observed between ith and jth varieties (Nei and Li 1979) . The dissimilarity of each variety pair was calculated as "1-F ij ". Genetic variation within rice group was examined based on their average dissimilarity indices.
Cultivated rice is a self-pollinating crop, whereas wild ancestral O. rufipogon is cross-pollinating. Therefore, genetic variation within groups (or populations) was also examined based on gene diversity, which can be applied to plants with any pollinating system (Nei 1987) . The gene diversity values were calculated as follows:
x ij 2 where x ij is the frequency of the jth allele for marker i, and the summation extends over n alleles. This formula is the same as for calculating the expected heterozygosity for a random mating population, and the polymorphism information content (PIC) value for self-pollinating plants. The averages were used as overall gene diversity Evaluation of genetic differentiation among cultivated and wild rice groups Nei's genetic distance (Nei 1972 ) was calculated using POPGENE ver. 1.31 (Yeh et al. 1999 ) to measure genetic differentiation among cultivated groups and wild rice populations. The genetic distances among local variety groups and wild populations were calculated, and unrooted dendrograms were constructed using the UPGMA methods and the program TreeView (Page 1996) .
Results and discussion
Evaluation of genetic variation within Vietnamese local variety groups
Genetic variation within groups was studied based on the dissimilarity of electromorph band patterns using 10 SSR markers. Table 3 shows the average dissimilarity values observed within Vietnamese local variety groups. The overall average dissimilarity among Vietnamese local varieties was 0.51, indicating that a pair of Vietnamese local varieties chosen randomly may share almost half of the alleles at the ten SSR loci. Among the eight groups, the highest average dissimilarity value (0.49) was observed for "Tenth month rice". According to Hamada (1965) , "Tenth month rice" can be further classified into two types. This rice group was planted in nearly 70% of all rice field in North Vietnam. These observations might explain why "Tenth month rice" maintained a high genetic diversity. Relatively higher values, 0.44 and 0.47, were observed for "Glutinous rice N" and "Glutinous rice S", respectively. However, the overall average dissimilarity for "Glutinous rice" was 0.59, indicating geographical differentiation between the two glutinous rice groups. The lowest average dissimilarity, 0.32, was detected for "Fifth month rice". "Fifth month rice", cultivated during the dry season, requires strong lodging resistance before the rainy season and draught tolerance during the vegetative growth period (Hamada 1965) . Therefore, limited genotypes might be selected for this rice group. The other South Vietnamese rice groups had moderate dissimilarity values (0.41-0.45), suggesting similar levels of variation within groups, although their growing/ harvesting periods during the rainy season were different. Genetic variation within groups was also examined based on gene diversity values (Table 4 ). The relative average values for the eight groups were similar to the average dissimilarity values.
Allelic diversity at SSR loci observed among Vietnamese local varieties
Ten SSR markers were used to examine the genetic variation among the 222 local varieties. Their allelic diversity was examined using gene diversity values, which are identical to the PIC values for self-pollinating plants. In all Vietnamese varieties, the PIC values of the ten SSR markers ranged from 0.064 (RM29) to 0.819 (RM241), and averaged 0.53. Seven out of the ten SSR markers (all except RM60, RM201, and RM29) were previously used to examine genetic diversity in 23 Asian cultivars of O. sativa (Ishii et al. 2001) . The average PIC values at the seven SSR loci in this study and the previous study were 0.59 and 0.78, respectively, suggesting that relatively high levels of polymorphisms were observed among local varieties collected from one country.
Evaluation of genetic differentiation among Vietnamese rice groups
Nei's genetic distances were calculated between all pairs of Vietnamese rice groups to examine their genetic differentiation (Table 5) . A higher value indicates greater genetic differentiation between the two groups. Relatively low genetic distance values (0.080-0.216) were observed between common rice groups ("Early rice", "Half season rice", "Season rice", and "Late rice") in South Vietnam. Their close relationships might be due to the partially overlapping crop seasons in the same region. The genetic distance between two North Vietnamese varieties ("Tenth month rice" and "Fifth month rice") was 0.223, and the highest value of 0.986 was observed between "Glutinous rice N" and "Glutinous rice S". A phylogenic tree was constructed based on the genetic distance values between all pairs (Fig. 2) . Two small clusters were generated: one consisted of common South Vietnamese rice groups and "Glutinous rice S", and the other included the North Vietnamese groups ("Tenth month rice" and "Fifth month rice"), suggesting the geographical separation of the rice groups. "Glutinous rice N" showed the widest differentiation from all other groups, and "Glutinous rice S" was located in the outer branch of the South Vietnamese groups. These results suggest that selection based on human preference for rice grain characters had a great influence on the diversification of glutinous rice in Vietnam.
Evaluation of genetic variation within wild rice populations
Leaf samples of wild rice were collected at three sites (PT-1, YG-23, and AK-18) in Myanmar and three (CT- 61, CT-65, and CT-67) in Vietnam. Based on the electromorph allele data, the number of alleles over the five SSR loci, gene diversity (corresponding to the expected heterozygosity), and the observed heterozygosity were calculated for each population (Table 6 ). Among the six populations investigated, high average gene diversity values were observed for the PT-1 (0.76) and CT-67 (0.81) populations, whereas low values were calculated for AK-18 (0.19). The PT-1 and CT-67 habitats were deepwater areas, and these populations were huge. No disturbance (e.g., animal grazing or human cutting) was observed in the population. Therefore, the high levels of genetic variation might be maintained by clonal propagation under stable environmental conditions. By contrast, the wild rice plants at AK-18 were typical annual forms, and they propagated solely through seed. The observed heterogeneity was quite low (0.07), indicating that most of the plants were fixed to homozygote forms in annual populations. This would cause low genetic variation within a small self-pollinated population.
Genetic differentiation among wild rice populations in Myanmar and Vietnam
The genetic differentiation among wild rice populations in Myanmar and Vietnam was calculated based on the genetic distances between them (Table 7) . Using these values, a phylogenic tree was constructed as shown in Fig. 3 . The three populations each in Myanmar and Vietnam did not form clear geographical groups. The annual AK-18 population showed marked differentiation from the others, and the two populations at PT-1 and CT-67, with higher genetic variation within populations, made a small cluster. These results indicate that ecological factors had a much greater influence on genetic differentiation among the wild rice populations than did geographical factors.
Comparison of genetic variation between wild rice and local varieties
To compare the degrees of genetic variation in wild rice and local varieties, the overall number of alleles and gene diversity were calculated for five common microsatellite loci (RM31, RM60, RM201, RM208, and RM237) in the 222 Vietnamese local varieties (Table 6 ). The number of alleles ranged from two to ten, with an average of 6.4, and the gene diversity was 0.418-0.766, and averaged 0.60. Although local cultivars were collected from various areas in Vietnam, these average values were less than those detected at PT-1 (11.8 for average number of alleles, and 0.76 for average gene diversity) and CT-67 (14.0, and 0.81). In particular, only 140 wild plants were surveyed at a single site of CT-67 in Vietnam, and the numbers of alleles and the gene diversity values at five loci were all higher than those in Vietnamese local varieties (Table 6 ). In addition, wide genetic differentiation was observed among wild rice populations in Myanmar and Vietnam (Fig. 3) . These results indicate that wild rice has much higher genetic variation than cultivated rice. 
